In a diverse taxonomic range of tree species, including representative species of ancient families of angiosperms (Magnolia × soulangiana Soul.-Bod.) and gymnosperms (Ginkgo biloba L.), oxidase activity was associated with cell walls of developing xylem and was enriched in extracts of cell wall-associated glycoproteins. In all species where oxidase activity was detected histochemically, it was expressed in cell walls of lignifying, differentiating xylem cells and was absent from old wood, cambium and phloem, suggesting that oxidases have a conservative role in lignification of tree xylem.
Introduction
Lignification of the cell walls of developing xylem of woody plants is essential for tissue function, because lignin, a plastic, hydrophobic polymer, provides strength and waterproofing to allow the transport of water and mineral salts from root to leaf (Monties 1989 , Lewis and Yamamoto 1990 , Campbell and Sederoff 1996 . The last enzymatic step in lignification involves oxidation of hydroxycinnamyl alcohol monomers (or monolignols) in the cell wall space to phenoxy radicals that then polymerize to form lignin (Boudet et al. 1995) . Over the last decade, evidence has accumulated that oxidase activity, capable of oxidizing monolignols, is specifically associated with the lignifying tissues of a range of trees and woody plants (Savidge and Udagama-Randenyia 1992 , Sterjiades et al. 1992 , Liu et al. 1994 , McDougall and Morrison 1996 , 1998 , Deighton and McDougall 1998 . This challenged the long-held assumption that peroxidases exclusively catalyzed this reaction in lignifying tissues (see reviews by O' Malley et al. 1993, Dean and . Genes encoding laccase-type polyphenol oxidases (E.C. 1.10.3.2) have been identified in Acer pseudoplatanus L. (LaFayette et al. 1995) and Nicotiana tobaccum L. (Kiefer-Mayer et al. 1996) , and laccase genes are specifically expressed in the developing xylem of Liriodendron tulipifera L. (LaFayette et al. 1999 ) and poplar (Ranocha et al. 1999) .
Although much of the initial work described oxidase activity that was associated with lignifying xylem of conifer species (Savidge and Udagama-Randenyia 1992, Bao et al. 1993) , the oxidase activity in conifers has not been characterized biochemically. We demonstrate that cell wall-associated oxidase activity is expressed in developing xylem of a wide taxonomic range of trees. We also describe the partial purification and identification of a laccase-type polyphenol oxidase from Sitka spruce (Picea sitchensis (Bong) Carr.).
Materials and methods

Plant material
Branches were obtained from trees in the University of Dundee Botanical Gardens, the grounds of the Scottish Crop Research Institute, private gardens and a clone bank of Sitka spruce. To assess the extent of xylem development in branches, small portions of bark were peeled and the soft tissues underneath scraped off and examined microscopically. Branches were harvested when at least six to eight rows of differentiating xylem cells could be detected. Most trees reached this early stage of xylem development by mid-May, but some species were not ready for harvest until the end of May. After harvest, the branches (minimum diameter of 5 cm and maximum diameter of 15 cm) were cut into 50-cm (maximum) lengths, the bark removed and the soft tissues carefully scraped from the old wood and frozen until extraction. Microscopic analysis confirmed that the scraped tissues contained mainly enlarging and differentiating xylem cells, although some cambial derivatives and initials may have been present. Hand-cut transverse sections of selected tree species were examined to confirm the developmental state of the tissue at harvest. Cell walls of the differentiating xylem cells stained for lignin with acid phloroglucinol (Kneebone 1962) and had the characteristic ultraviolet fluorescence of lignin, indicating that the differentiating xylem cells were undergoing cell wall lignification.
Hand-cut transverse sections of selected tree species were also stained for oxidase activity by incubation in either 1.82 mM 2,2-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) or 0.7 mM diaminofluorene (DAF) in 100 mM sodium acetate buffer, pH 5.0. Control incubations with heattreated sections gave no reaction. Incubations with 100 units ml -1 catalase (C-100, Sigma Chemicals, St. Louis, MO) to inhibit peroxidases operating with endogenous hydrogen peroxide did not influence the degree or the pattern of oxidase activity. Addition of 0.2 mM hydrogen peroxide to activate endogenous peroxidases caused every cell and cell wall to stain heavily.
Extraction procedure
Thawed tissue was extracted by a method known to enrich cell wall-associated proteins and glycoproteins (Deighton and McDougall 1998) . In brief, the tissue was placed in a fivefold excess of ice-cold homogenization buffer (25 mM 3-(Nmorphino-propanesulfonic acid (MOPS), pH 7.0, containing 0.5% v/v polyvinylpolypyrrolidine (PVPP, P-6755, Sigma Chemicals) and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)), homogenized in a Waring blender and then in an Ultra-Turrax disintegrator (ILA-WERKE, Staufen, Germany). The insoluble residues were rehomogenized in fresh ice-cold buffer that lacked both PVPP and PMSF. These filtrates were discarded and the entire procedure was repeated three times.
Insoluble residues (crude cell walls) were then extracted with 25 mM MOPS, pH 7.0, containing 200 mM CaCl2 (ConA buffer), for 1 h on ice, with stirring. The slurries were filtered through muslin and the cell wall extracts clarified by filtration through glass-fiber filters (Whatman GF/A, Fairfield, NJ). Portions of the cell wall extracts were applied to Concanavalin-A (ConA) Sepharose columns (8-ml bed volume) and the eluate discarded. After a five-column volume wash with ConA buffer, the ConA-bound extract, enriched in cell wall-associated glycoproteins (McDougall 1997) , was eluted with ConA buffer containing 100 mM α-methyl mannoside.
Large-scale extraction of Sitka spruce
Branches of Sitka spruce were obtained from a single set of clones from the Forest Research clone bank at Ledmore, Perth, and Kinross, Scotland in late May 1998. At harvest, the developing xylem tissue of the branches had between eight and 16 enlarging and differentiating xylem cells per radial file. The scraped tissues was mainly composed of these enlarging and differentiating cells, although cambial derivatives and initials may also have been present.
To facilitate the extraction of large (kg) amounts of developing xylem, a batch procedure was used. Multiple batches (150 g each) of developing xylem were extracted to the crude cell wall stage and then frozen overnight. The frozen crude cell walls were then thawed and extracted with ConA buffer and the cell wall extract passed through multiple small ConA Sepharose columns as described above. Freezing and thawing the crude cell wall material before extraction did not reduce the yield or specific oxidase activity of the cell wall or ConA-bound extracts.
Assays for protein content and oxidase activity
Protein content was measured by the dye-binding method (Bradford 1976) . Oxidase activity was determined by measuring the increase in absorbance at 420 nm over 1 h resulting from the formation of the oxidized chromophore of ABTS. The assay contained 1.82 mM ABTS in 100 mM acetate, pH 5.0 (Sterjiades et al. 1992) . Assays containing boiled extracts served as controls. Extracts contained appreciable amounts of peroxidase activity that can also oxidize ABTS in the presence of hydrogen peroxide. However, assays containing 100 units ml -1 catalase to inhibit peroxidases operating with endogenous hydrogen peroxide did not influence the oxidation of ABTS.
Immobilized metal affinity chromatography (IMAC)
A chelating Superose FPLC column attached to an FPLC system was used according to the supplier's instructions (Pharmacia Ltd., St. Albans, U.K.). The column was loaded with Zn 2+ ions as described previously (McDougall 1998 ) and equilibrated in 25 mM MOPS, pH 7.0, containing 50 mM CaCl 2 . The sample was injected onto the column in seven 5-ml portions over 70 min, and 2-ml fractions were collected. The column was washed with 10 ml of equilibration buffer, and then a gradient of 0-25 mM histidine in the same buffer was applied to elute bound proteins. Fractions were assayed for oxidase activity against ABTS, and oxidase-containing fractions were pooled (see Figure 2 ). Pooled samples were assayed for protein content and oxidase activity.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Proteins in extracts (25 or 50 µg) were precipitated by the addition of a 2.5-fold (v/v) excess of cold (-20°C) acetone, mixed well, then stored overnight at -20°C and collected by centrifugation (10,000 g, 5 min) in a microfuge. The precipitated proteins were redissolved in SDS-PAGE sample buffer, heated at 95°C for 5 min, and applied to SDS-PAGE gels. The SDS-PAGE was carried out on 10% (w/v) polyacrylamide gels on a Mini-Protean II slab gel system according to the manufacturer's instructions (Bio-Rad Ltd., Hemel Hempstead, U.K.). Both prestained markers (broad range, New England Biolabs Ltd., Hitchin, U.K.) and unstained protein markers (broad range, Bio-Rad Ltd.) were used for molecular weight estimation. Gels were stained by the Bio-Rad silver-stain method.
N-terminal protein sequencing
Samples were precipitated with acetone then prepared in Nu-PAGE sample buffer according to the manufacturer's instructions (NOVEX Ltd., San Diego, CA). The samples were separated by electrophoresis in precast gradient (4-12% acrylamide) gels with suitable marker proteins and the Nu-PAGE MES running buffer. The gel was blotted onto PVDF membrane with the Nu-PAGE blotting system and stained with Amido black. Polypeptides were excised and their N-terminal amino-acid sequence determined with a PROCISE 492 protein sequencer by a modified Edman degradation method optimized for samples from PVDF blots (Applied Biosystems Ltd., Warrington, U.K.).
Sequence similarities were determined by the BLITZ method against the non-redundant protein and DNA databases maintained by the European Bioinformatics Institute (http://www2.ebi.ac.uk/bic_sw). Similarities to non-redundant EST sequences were determined with the BLASTN series of programs against the database of expressed sequence tags (ESTs) maintained by the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/dbEST), and the loblolly pine (Pinus taeda L.) cDNA sequence analysis project jointly run by the University of Minnesota and North Carolina State University (http://www.cbc.umn.edu/ researchprojects/index.html). Where required, the positions of N-terminal residues of protein sequences derived from DNA sequences were predicted using the SignalP program (http:// www.cbs.dtu.dk/services/SignalP). The sequence retrieval system at ExPASy Geneva (http://www.expasy.ch/srs5) was also used.
Results
In all species where oxidase activity was detected histochemically, it was expressed in cell walls of differentiating cells of the developing xylem ( Figure 1 ) and was absent from the cambial zone, developing phloem and old xylem. At this early stage in xylem formation, differentiating xylem cells that had oxidase activity also stained with acid phloroglucinol and showed ultraviolet fluorescence characteristic of lignin (results not shown). The localization of oxidase activity in the lignifying, differentiating xylem is consistent with previous reports in Sitka spruce and Leyland cypress (Cupressus macrocarpa Hartweg. × Chamaecyparis nootkatensis D. Don (Spach.)) (Richardson and McDougall 1998) .
Oxidase activity was observed in extracts of the developing xylem from a wide taxonomic range of trees, including the most ancient species of gymnosperms (Ginkgo biloba L.) (Table 1) and a representative species of the most ancient family of angiosperms (Magnolia × soulangiana Soul.-Bod.) (Table 2). Tissue sampled from all species showed appreciable oxidase activity (Table 2) . No oxidase activity was detected in soluble extracts from the developing xylem of Rhus typhina L. and Quercus robur L., unless the extracts were desalted, indicating the presence of low molecular weight inhibitors, possibly phenolics (Benfield et al. 1964) .
Although oxidase activity was present in soluble extracts, specific oxidase activity was generally much higher in cell wall extracts and higher still in the ConA-bound extracts (Tables 1 and 2). The ConA extraction procedure is known to enrich cell wall-associated glycoproteins (McDougall 1997) and this distribution of activity suggests that the oxidases are associated with cell walls of the developing xylem tissues (Deighton and McDougall 1998). Cell walls purified from crude cell walls of selected samples by extensive washing in buffers containing detergent and high concentrations of salt (see the method outlined in McDougall and Morrison 1996) retained tightly bound oxidase activity (results not shown), supporting the localization of these enzymes in the cell wall.
There was no relationship between amounts of oxidase activity within species of the same family, (cf. members of the Pinaceae (Table 1) or Fagaceae (Table 2) ), or within species of the same class (cf. members of the Pinatae (Table 1) or Rosidae (Table 2) ). The variation probably reflects differences in the extent of lignification of xylem from different species or the relative effectiveness of the extraction procedure, or both. Nevertheless, the extraction procedure was reproducible. activity recovered in the ConA-bound extracts varied between species within families, between families and between classes. In some cases (e.g., Ilex aquifolium L., Crataegus monogyna Jacq., Ginkgo biloba and Picea sitchensis), the total yield of oxidase recovered in the ConA-bound extracts was greater than 100%. The high specific activity and recovery of oxidase in the ConA-bound extract from developing xylem of P. sitchensis (Table 1) made it a good source for the purification of the oxidase. The specific oxidase activity of the large-scale cell wall extract was 20 times higher than that of the soluble extract (results not shown). The recovery of oxidase activity in the ConA-bound extract was greater than 100%, with a specific activity 10 times that of the cell wall extract (Table 3) . For practical reasons, the ConA-bound extract was injected onto the Zn 2+ -loaded immobilized metal affinity chromatography (IMAC) column in seven portions, and seven peaks of unbound oxidase activity were eluted (Figure 2) . The Zn-bound oxidase peak eluted at about 6 mM histidine (cf. McDougall 1998). The Zn-bound sample contained only 9.5% of the total oxidase activity loaded onto the column at a slight increase (1.25-fold) in specific activity over the ConA-bound extract (Table 3 ). The specific oxidase activity and recovery of oxidase activity of the first unbound sample (Unbound 1) was low, but by the seventh unbound sample (Unbound 7) (Table 3), the specific oxidase activity was the same as the ConA extract and the recovery of oxidase activity approached 70% of each injection. This indicates that little of the oxidase activity in the later injections bound to the column and the capacity of the column was approaching saturation.
Differences in specific oxidase activity between the ConAbound extract, the Zn-bound sample and the first and last unbound samples were exploited to identify polypeptides that could have been responsible for the oxidase activity. Three polypeptides with apparent Mr values of 77, 73 and 56 kDa (marked on Figure 3 , lane B) were more abundant in the Zn-bound sample (specific activity = 16.50 µmol mg -1 h -1 ) than in the ConA-bound extract ( Figure 3 , Lane A; specific activity = 13.00 µmol mg -1 h -1 ). The same three polypeptides were also depleted in Unbound sample 1 ( Figure 3 , Lane C; specific activity = 6.98 µmol mg -1 h -1 ) but were more abundant in Unbound sample 7 ( Figure 3 , Lane D; specific activity = 13.50 µmol mg -1 h -1 ). Therefore, any of these three polypeptides could have been responsible for the oxidase activity. When separated on 4-12% polyacrylamide gradient gels before sequencing, the 77-and 73-kDa polypeptides ran as a sharply defined doublet at an apparent M r of around 70 kDa (results not shown), whereas the 56-kDa polypeptide produced a diffuse set of bands that were unsuitable for protein sequencing. Therefore, only the doublet of higher M r polypeptides was selected for N-terminal sequencing.
The lower M r polypeptide of the doublet yielded an N-terminal amino-acid sequence that had homology with a 90-kDa laccase-type polyphenol oxidase from the developing xylem of poplar (Ranocha et al. 1999) , an expressed sequence tag (EST) for a laccase isolog from Arabidopsis and an EST from the developing xylem of Pinus taeda, which had full length homology with plant laccases (Table 4) . Moreover, the N-terminal residue aligned with the observed N-terminal residue of the poplar laccase and the predicted N-terminal residues of the Arabidopsis and Pinus sequences (Nielsen et al. 1997 12.20 ± 0.03 3.12 ± 0.07 5.9 (42) Unbound 5 11.90 ± 0.47 3.62 ± 014 6.9 (48) Unbound 6 14.00 ± 0.32 4.03 ± 0.09 7.7 Unbound 7
13.50 ± 0.56 5.07 ± 0.21 9.7 (68) 1 Value is the total amount of activity loaded onto the Zn 2+ -column. Subsequent recoveries are based on this value. 2 Values represent the percentage recovery of the total activity loaded in each injection. blank 18th cycle coincides with the position of a cysteine residue in the other sequences, and cysteine residues give poor yields in Edman sequencing. The reason for the blank 13th cycle, which was preceded and followed by good quality cycles, is unknown. The accessibility of the two histidine residues at positions 3 and 5 from the N-terminus of the protein may explain the particular affinity of this oxidase for the Zn 2+ -loaded IMAC column (Hemdan et al. 1989) .
The upper polypeptide yielded an N-terminal amino-acid sequence that had good homology, particularly in the first 10 residues, with subtilisin-like serine proteinases from tomato (Lycopersicon esculentum (L.) Karst. ex Farw.), Arabidopsis, lily (Lilium longiflorum Thunb.), alder (Alnus glutinosa (L.) Gaertn.) and melon (Cucumis melo L. var. reticulatus Ser.) ( Table 5 ). The homology began between the 96th and 115th residue of the respective protein sequences, which suggests removal of a large signal peptide. Nevertheless, the N-terminal sequence of the Sitka protein aligned with the N-terminal residues of the proteinases from alder (Riberio et al. 1995) , lily (Taylor et al. 1997) and Arabidopsis cell cultures (Robertson et al. 1997) . These proteinases are produced as large inactive precursors (zymogens) that are secreted and then processed to the mature N-terminus in a similar fashion to the melon enzyme, cucumsin (Yamagata et al. 1994) .
Discussion
In common with previous studies (Savidge and UdagamaRandenyia 1992 , 1998 , Ranocha et al. 1999 , oxidase activity was cytochemically localized in cell walls of differentiating xylem cells that were depositing lignin, and was not present in old wood, cambial cells or phloem. The oxidase activity was enriched in extracts of cell wall-associated glycoproteins from developing xylem of a taxonomically diverse range of tree species, indicating that oxidases may be ubiquitously involved in lignification of tree xylem.
The Zn-bound oxidase activity from Sitka spruce showed homology to a laccase-type polyphenol oxidase (E.C.1.10.3.2) from the developing xylem of poplar (Ranocha et al. 1999 ), a laccase isolog identified in an Arabidopsis EST and an EST from the developing xylem of Pinus taeda (Allona et al. 1998 ). The laccase polypeptide had Mr values of 73 kDa on 10% polyacrylamide gels and about 70 kDa on 4-12% gradient gels, both of which were lower than the values previously estimated for oxidase activity in similar extracts from Sitka spruce, i.e., 80 kDa by SDS-PAGE (McDougall 1998) and 84 kDa by non-denaturing SDS-PAGE . However, the oxidase may migrate aberrantly on SDS-PAGE, because it is a glycoprotein and glycosyl groups do not bind SDS uniformly (Hames and Rickwood 1981) .
Previous substrate and inhibitor profiles indicated that oxidase activity associated with cell walls of developing xylem of Sitka spruce was caused by enzymes other than 
laccases (Richardson et al. 1997, Deighton and McDougall 1998) . Similarly, Udagama-Randeniya and Savidge (1995) suggested that the coniferyl alcohol oxidase (CAO) activity associated with lignifying xylem of Pinus strobus L. (Savidge and Udagama-Randeniya 1992) had properties more akin to a catechol oxidase-type (E.C.1.10.3.1) than a laccase-type (E.C.1.10.3.2) polyphenol oxidase. However, the substrate and inhibitor criteria reported to be characteristic of laccases (Mayer and Harel 1979, Mayer 1987) were mainly drawn from studies on fungal laccases (with some data from the laccase from Rhus lacquer) and may not be applicable to all plant laccases. For example, purified laccases from poplar xylem had substrate profiles that did not meet these criteria (Ranocha et al. 1999) . Furthermore, the protein sequences of plant laccases differ substantially from fungal laccases, e.g., fungal laccases are only about 25% identical and 50% similar to plant laccases associated with developing xylem, whereas all plant laccases are about 50% identical and 75% similar to each other. There are no available gene or protein sequences for the Rhus laccase so similar comparisons cannot be made. Considering this variation in primary sturcture, it is quite feasible that laccases from plant xylem, fungi and Rhus lacquer could have different enzymatic properties. For example, a single amino-acid substitution in the type-I Cu binding site of the blue copper protein, azurin, led to an increase in redox potential (Karlsson et al. 1989) , and it has been suggested that similar small differences in primary structure could explain the variation in redox potential, and therefore substrate specificity, between plant and fungal laccases (Messerschmidt and Huber 1990) . In any case, substrate and inhibitor profiles are insufficient to assign unambiguously the nature of the oxidase activity, and supporting information, such as protein sequence, is required. For example, Bao et al. (1993) concluded that the oxidase from lignifying xylem of Pinus taeda was a laccase, based on its substrate and inhibitor profiles and the blue color and electron paramagnetic resonance spectra of the purified enzyme, which are characteristic of type I copper.
However, no protein sequences for this enzyme are available.
Three oxidase isoforms were detected in extracts of developing xylem of Sitka spruce by ion exchange chromatography , presumably the result of the expression of three different genes. Three laccase genes were reported in tobacco (Kiefer-Meyer et al. 1996) , four in developing xylem of Liriodendron (LaFayette et al. 1999) , five from developing xylem of poplar (Ranocha et al. 1999 ) and six laccase sequences from developing xylem of Pinus taeda (Allona et al. 1999) . During a comparative study of the developing xylem of compression and non-compression sides of branches of Sitka spruce, we identified another laccase in cell wall-associated glycoproteins (G.J. McDougall, unpublished data). The identification of two laccases in extracts of cell wall-associated glycoproteins from the lignifying, developing xylem of Sitka spruce strongly suggests that laccases are largely responsible for the oxidase activity of these extracts and are involved in lignification in conifers.
A protein with N-terminal homology to plant subtilisin-like serine proteinases was also enriched by the Zn 2+ -IMAC procedure (Table 5) . Proteinase activity could be identified in ConA-bound extracts from Sitka xylem if PMSF was omitted from the initial homogenization buffers (results not shown), suggesting the presence of serine proteinase activity. Serine proteinases have been implicated in xylem differentation of Pinus banksiana Lamb. (Iliev and Savidge 1999) and in vitro tracheary element differentiation in Zinnia elegans Jacq. (Ye and Varner 1996) . One can envisage a role for proteinases in wall modification events in enlarging cambial cells or in the dissolution of cell contents that accompanies the apoptosis of the maturing xylem elements (Savidge 1996) . Two of the four genes for subtilisin-like proteinases in tomato (Jorda et al. 1999) were constitutively expressed in growing tissues. Such constitutive expression may explain the presence of the subtilisin-like proteinase in the culture filtrates of suspension-cultured cells of Arabidopsis (Robertson et al. 1997 ).
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